Neurodegenerative diseases are characterized by an irreversible and progressive loss of neuronal structure and function. While many alterations to normal cellular processes occur during neurodegeneration, a pathological accumulation of aggregated proteins constitutes a hallmark of several neurodegenerative disorders. Alzheimer's disease, specifically, is pathologically defined by the formation of amyloid plaques and tangles of hyperphosphorylated tau protein. Stress has emerged as an important factor in the development and progression of neurodegenerative diseases, including Alzheimer's. Very little is known, however, regarding the effects of stress on the mechanisms controlling abnormal protein aggregation and clearance. Chronic stress activates the hypothalamic-pituitary-adrenal (HPA) axis, causing an excessive secretion of glucocorticoids that are capable of impacting diverse physiological and cellular processes. The present review focuses on the influence of stress on a key feature of Alzheimer's disease pathology, emphasizing the relationship between tau phosphorylation and accumulation and its connection to HPA axis dysfunction.
Introduction
Stress can be broadly defined as a disruption to the homeostasis of an organism. In the context of human physiology, stress is a highly complex phenomenon that involves environmental and psychosocial stimuli that elicit a series of self-regulated nervous system responses which are collectively referred to as "the stress response" (Esch et al., 2002a; Chrousos, 2009) . Stress is an inevitable component of the modern lifestyle, and although certain levels of stress are normal and some stressors can even be beneficial, experiencing excessive amounts of stress over extended periods of time (chronic stress) can alter the selfregulating capacity of the stress response, ultimately causing detrimental effects on the overall physiology of the body (Andersen et al., 1994; Payne, 2013) . Furthermore, several variables such as genetics, sex, environment, and early life experiences are known to impact an individual's stress sensitivity (Kapoor et al., 2006; Zavala et al., 2011; Chen and Baram, 2016; Bale and Epperson, 2015) . The early life period is of particularly noteworthy importance because this is the time when brain anatomy is primarily determined. Early life stress (ELS) is thus critical in influencing responses to stress and vulnerability to disease (Lenroot and Giedd, 2006; Seifan et al., 2015) .
The stress response is mediated by two distinct and tightly-controlled neuroendocrine signaling cascades, the sympathetic-adrenalmedullary (SAM) pathway and the hypothalamic-pituitary-adrenal (HPA) axis. The SAM system, which underlies the classic "fight or flight" response, is generally short-lived and involves autonomic nervous system activation which leads to increased circulating levels of epinephrine from the adrenal medulla and norepinephrine from sympathetic nerve terminals. The resulting physiological response is geared toward countering or escaping the stressor, with increased blood flow, heart and respiratory rates, and energy mobilization displayed by the stressed individual (Ulrich-Lai and Herman, 2009 ). The second stress response system, the HPA axis, begins in the hypothalamus and descends to the adrenal cortex where the release of glucocorticoid (GC) hormones (i.e., cortisol, corticosterone) occurs. Unlike the SAM cascade, activation of the HPA axis by stress is slower and its physiological effects have a more prolonged duration. Chronic stress exposure can lead to altered HPA axis hormone levels and adversely affect the regulation of the stress response, which can ultimately have negative impacts on the overall physiology of the body (Vanitallie, 2002; Glaser and Kiecolt-Glaser, 2005) . In this way, stress can exert detrimental effects on human health and contribute to pathological conditions as farranging as cancer, cardiovascular dysfunction, and neurodegenerative disease (Esch et al., 2002b; Grippo and Johnson, 2009; Moreno-Smith et al., 2010) .
Stress can have profound effects on brain development and function, inducing neurochemical changes and disrupting normal neuronal circuitry. A wide variety of fundamental physiological processes are influenced by stress, in fact, through the HPA axis and GC action. This knowledge underlies our critical need to more fully understand the https://doi.org/10.1016/j.ynstr.2018.08.009 Received 5 July 2018; Received in revised form 30 August 2018; Accepted 31 August 2018 neurological impacts of stress that may lead to pathological conditions or neuropsychiatric disorders such as AD (Meyer et al., 2001; Esch et al., 2002a,b) . One of the hallmarks of several neurodegenerative diseases, including AD, is the accumulation of abnormal protein aggregates in neurons, which alters their structure and function, causes neurotoxicity, and ultimately leads to neuronal death (Cairns et al., 2004; Lim and Yue, 2015) . Neurodegeneration is a process that is characterized by this type of progressive and irreversible loss in specific areas of the nervous system (Jellinger, 2010) , and is accompanied by several alterations to normal cellular processes including protein misfolding and aggregation, mitochondrial dysfunction, impaired intracellular trafficking, genotoxicity, increased oxidative stress, and cytoskeletal alterations (Jellinger, 2009 ). This phenomenon occurs in the brain of patients with AD, the most common neurodegenerative disease worldwide, as well as those with other neurological disorders. The present review discusses cellular and molecular mechanisms through which chronic stress exposure may cause or increase risk for neurodegeneration, with a focus on the effects of stress in tau-mediated pathologies. This work compliments another recent review (Justice, 2018) in which the impacts of stress on the amyloid system in AD and other neurodegenerative or neuropsychiatric conditions was described, including clinical and behavioral perspectives.
Stress and physiology: the HPA axis
The HPA axis ( Fig. 1) mediates part of the stress response through a complex cascade of neuroendocrine signals. Processing stressful stimuli in the brain involves the activation of neurons of the paraventricular nucleus of the hypothalamus (PVH), which release corticotrophin-releasing factor (CRF) and arginine vasopressin. These two hormones in turn stimulate the anterior pituitary gland to secrete adrenocorticotropic hormone (ACTH) into the general circulation, ultimately resulting in GC production by the adrenal cortex. Cortisol is the main GC in humans, with corticosterone playing the same role in many rodents. Proper function of the HPA axis is tightly modulated by negative feedback loops provided by cortisol and ACTH at the hypothalamic and pituitary levels (McEwen, 2007; Stephens and Wand, 2012) .
Furthermore, activation of the HPA axis can be influenced by a variety of hormones and neurotransmitters, including GABA, serotonin, norepinephrine, and opioids (Stephens and Wand, 2012) .
GCs exert broad physiological effects, modifying sugar, fat, and protein metabolism as well as influencing other processes such as cardiovascular function and immune responses (De Kloet et al., 2005) . On a molecular level, GCs act through two types of receptors, the mineralocorticoid (MR) and glucocorticoid (GR) receptors, with both genomic and non-genomic effects. Genomic actions are described as slow or delayed and involve binding of cortisol to the GR (or the MR in some cases), with the resulting complex acting as a transcription factor and altering gene expression. In contrast, non-genomic actions occur faster and involve the interaction of GCs with other factors at the plasma membrane of the target cells (De Kloet et al., 1998; Ulrich-Lai and Herman, 2009) .
It has become clear that GCs can affect behavioral and cognitive processes such as emotion, learning, and memory through GR and MR expressed in the brain (McEwen et al., 1986; Ahima et al., 1991; Dedovic et al., 2009; Medina et al., 2013) . Stress-induced disruption of the HPA axis can cause excessive synthesis and secretion of GCs, which can lead to altered neuronal connectivity, synaptic loss, and neuronal atrophy (Watanabe et al., 1992; Sousa and Almeida, 2012) . Modifications such as these can significantly alter brain function, and likely contribute to the development and progression of neurodegenerative diseases including AD (Dhikav and Anand, 2007) .
3. Alzheimer's disease, stress, and tau 3.1. Alzheimer's disease AD is the most prevalent neurodegenerative disease worldwide, estimated to affect approximately 10% of the population over 70 years old and with increasing incidence expected in the coming years (Plassman et al., 2007) . Loss of memory is one of the early symptoms of AD, later progressing into other behavioral manifestations such as disorientation, aggressiveness, and dementia, culminating in complete mental collapse. AD is an incurable and irreversible condition for which there are currently no effective treatments (McKhann et al., 1984; Albert et al., 2011; Mendiola-Precoma et al., 2016) . AD is characterized by two major neuropathological markers, extracellular amyloid beta (Aβ) plaques and intracellular neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau protein, which accumulate in brain regions responsible for emotion, learning, memory, and spatial navigation. Other lesions such as Hirano bodies and granulovacuolar degeneration can also be present (Ittner and Götz, 2011; Serrano-Pozo et al., 2011) . A small number of AD cases (∼2%) are known to have a genetic basis; mutations in the amyloid precursor protein, presenilin-1 and presenilin-2 genes can cause familial AD. The etiology of sporadic AD cases which make up ∼98% of diagnoses remains largely unknown (Van Cauwenberghe et al., 2016) .
Stress and Alzheimer's disease
Accumulating epidemiological evidence suggests that adverse environmental factors such as chronic emotional stress can play a role in the development and progression of AD, given that stress-susceptible individuals have a greater risk of manifesting AD (Wilson et al., 2003 (Wilson et al., , 2005 2006; Pardon, 2011) . Furthermore, in familial cases of AD, the occurrence of a major stressful event such as loss of spouse was shown to accelerate the onset of the disease (Mejía et al., 2003) . Exposure to stress early in the lifespan may also play a role in the later development of AD. Reduced quality of environment as a result of advanced maternal age, poor nutrition, low socioeconomic status, low level of education, or rural living during the early life periods of childhood and adolescence constitutes a risk factor for cognitive decline and AD as these individuals age (Stern et al., 1994; Räihä et al., 1998; Moceri et al., 2001 ; Fig. 1 . The hypothalamic-pituitary-adrenal (HPA) axis. In response to stress, the PVH produces CRF that stimulates pituitary release of ACTH, which in turn causes the release of cortisol from the adrenal gland. The system is shut down via negative feedback provided by cortisol at both pituitary and hypothalamic levels. Borenstein et al., 2006; Miller and O'Callaghan, 2008) . Elevated levels of circulating cortisol have been found in AD and dementia patients. Importantly, cortisol levels appear to be correlated with disease progression, given that higher plasma cortisol has been linked with accelerated AD outcomes and severity of dementia (Davis et al., 1986; Umegaki et al., 2000; Armanini et al., 2003; Csernansky et al., 2006; Huang et al., 2009 ). The results from these studies therefore provide a connection between stress, overactivation of the HPA axis, and AD. Subsequent studies in animal models have aimed to further explore the mechanisms underlying the relationship between stress and AD. For the purpose of this review, focus will be placed on the tau-related pathogenesis of AD.
Tau protein function
Tau is a highly soluble cytoskeletal protein that plays a prominent role in maintaining neuronal structure and integrity. It belongs to the family of microtubule-associated proteins (MAPs) that bind to and stabilize axonal microtubules, facilitating such diverse processes as axonal transport, synaptogenesis, and neurite outgrowth, with tau phosphorylation being critical for proper function (Drechsel et al., 1992; Nunez and Fischer, 1997; Stamer et al., 2002; Hanger et al., 2009 ). Although tau is widely known for this cellular physiological role, recent studies have identified additional functions for tau including the regulation of actin polymerization, recruitment of signaling molecules, control of mitochondrial dynamics, and even the control of gene expression (Dehmelt and Halpain, 2005; Baloyannis, 2006; Frost et al., 2014) . Under pathophysiological conditions, however, tau can be hyperphosphorylated or misfolded, and aggregate into insoluble structures. In fact, the term "tauopathy" is used to encompass diseases that feature a pathological accumulation of tau in neuronal cells such as AD, Pick's disease, and corticobasal degeneration, among others (Spillantini et al., 1997; Ferrer et al., 2014; Orr et al., 2017) . Tau hyperphosphorylation impairs its ability to bind to microtubules, decreases its solubility, and causes its aggregation into fibrillar structures known as paired helical filaments, which can then bundle into the highly neurotoxic NFTs found in AD (Wischik et al., 1988; Johnson and Stoothoff, 2004; Mietelska-Porowska et al., 2014; Arendt et al., 2016) .
Stress-induced tau hyperphosphorylation
The first indications that stress can induce changes in tau phosphorylation came from studies in normal non-transgenic rodent models. Cold water stress has been shown to increase the level of phosphorylated tau (p-tau) in rat and mouse brain, including tau epitopes that are known to be hyperphosphorylated in the AD brain (Korneyev et al., 1995; Korneyev, 1998; Okawa et al., 2003; Feng et al., 2005; Yoshida et al., 2006) . Importantly, these studies show that the accumulation of p-tau following cold water stress occurs rapidly, peaks, and then decreases, indicating that it may be a transient and reversible phenomenon. Other forms of stress also affect p-tau expression in rodents. Chronic exposure to restraint stress increases the levels of p-tau in the rat brain, although not to the degree where it accumulates into NFT-like p-tau (Yan et al., 2010) , and rat models of chronic unpredictable mild stress have also resulted in increased tau hyperphosphorylation (Briones et al., 2011; Cuadrado-Tejedor et al., 2011; Yang et al., 2014; AbdAlla et al., 2015) . These effects of restraint and chronic unpredictable stress have also been seen in mice, with increased expression of a multitude of p-tau epitopes as well as changing tau solubility (Rissman et al., 2007; Carroll et al., 2011; Sotiropoulos et al., 2011) . In addition, metabolic stressors such as food deprivation and hypoxia can also increase p-tau in the mouse brain, including tau variants commonly seen in AD (Yanagisawa et al., 1999; Zhang et al., 2014) .
Hormone-mediated tau hyperphosphorylation caused by stress
While non-transgenic models have provided valuable data on the ability of different stressors to induce hyperphosphorylation and abnormal accumulation of tau, their insights into the connection between the physiological response to stress (i.e. the HPA axis) and the underlying cellular and molecular mechanisms are limited. In this regard, genetic and pharmacological studies have proven useful in expanding the current knowledge in the field. Given that GC (e.g. cortisol) secretion is the key feature of HPA axis activation by stress, GC signaling has been targeted as a potential effector of stress-induced AD pathogenesis. Clinical evidence supports such a link, and GCs have been shown to cause neurotoxicity and neuronal cell atrophy and death (Watanabe et al., 1992; Behl et al., 1997; Crochemore et al., 2005; Cerqueira et al., 2007) . Furthermore, GC administration has been shown to accelerate Aβ deposition in a transgenic mouse model of AD (Green et al., 2006) , and both chronic and acute stress are able to induce Aβ pathology and cognitive impairment in AD mouse models (Jeong et al., 2006; Lee et al., 2009; Baglietto-Vargas et al., 2015) .
Tau knock-out mice do not display hippocampal and cortical neuronal atrophy or cognitive deficits as a consequence of chronic stress, underscoring the importance of tau as an effector of stress-induced neuronal pathogenesis (Lopes et al., 2016 (Lopes et al., , 2017 . The administration of dexamethasone to a genetic model of AD that develops NFT pathology caused increased expression and mislocalization of tau without changing the phosphorylation status of tau (Green et al., 2006) . Another study found that chronic GC administration in an AD transgenic mouse model caused a decrease in certain p-tau epitopes, but not others. The authors of this work further suggest that tau hyperphosphorylation and accumulation maybe a sequential process, with specific p-tau epitopes appearing during different stages of pathology, and could depend on other factors such as Aβ levels or kinase activity (Joshi et al., 2012) . Stress has also been seen to induce the formation of abnormally truncated and insoluble tau proteins in transgenic mice (Sotiropoulos et al., 2015) . More specifically, GC administration in combination with chronic unpredictable mild stress in normal rats increases the expression of p-tau epitopes commonly associated with AD (Sotiropoulos et al., 2011) , whereas pharmacological enhancement of GC signaling has also been demonstrated to increase NFT-like p-tau in the rat brain (Yi et al., 2017) .
The evidence linking increased GC with AD pathogenesis appears to be well established. Given the multiple regulatory mechanisms that govern the HPA axis, however, the possibility exists for other players within this signaling cascade to be involved in stress-induced tau hyperphosphorylation and accumulation (Rissman, 2009; Vyas et al., 2016) . Evidence in support of this idea was first seen in the fact that in adrenalectomized mice that are devoid of endogenous GCs, cold water stress is still able to induce transient elevated levels of p-tau (Korneyev et al., 1995) . The CRF system has therefore emerged as an additional potential candidate for mediating the effects of stress on tau. CRF is the hypothalamic peptide hormone that initiates HPA axis activation (Fig. 1) , exerting its effects through two different G protein-coupled receptors, CRFR1 and CRFR2, which are both expressed in the brain (Bale and Vale, 2004; Power and Schulkin, 2006) . Importantly, multiple sources of experimental evidence support a role for CRF in the pathogenesis of AD (Dong et al., 2014; Futch et al., 2017; Zhang and Rissman, 2017) . Animal studies exploring the role of CRF signaling in stress-induced tau phosphorylation also strongly implicate CRF in AD-related tau pathogenesis. A study using CRFR1 and CRFR2 knock-out mice in combination with restraint stress demonstrated that these receptors exert differential effects on tau phosphorylation and aggregation, with CRFR1-deficient animals displaying attenuated levels of p-tau in response to stress, and stressed CRFR2 knock-out mice showing exacerbated p-tau levels (Rissman et al., 2007) . A follow-on study further demonstrated that CRF signaling is involved in tau hyperphosphorylation and aggregation, since CRFR2 knock-out mice accumulated insoluble p-tau in response to restraint stress, whereas CRFR1-knockout and double CRFR knock-out mice did not. These findings indicate a prominent role for CRFR1 in mediating stress-induced tau pathogenesis (Rissman et al., 2012 ). An investigation using a mouse model of CRF overexpression that confers sustained GC signaling, in contrast, confirmed these observations and further supports the significance of CRF signaling in this system, with these animals showing increases in abnormal p-tau variants when compared to wild type animals (Campbell et al., 2015) . A transgenic mouse model of AD in which a mutant form of tau is expressed was also used to study its relationship to stress and CRFR1, with findings demonstrating that stress-induced tau pathology is at least partially mediated by CRF signaling (Carroll et al., 2011) . Finally, a study using acute immobilization stress in CRF-deficient mice showed that wild-type mice displayed higher levels of AD-associated p-tau in response to the stressor, but this effect was partially ameliorated in animals lacking CRF (Filipcik et al., 2012) .
Beneficial effects of stress on tau phosphorylation and accumulation
The different forms of stress we have discussed to this point (temperature, restraint, immobilization, food deprivation) exert negative effects on tau-mediated pathogenesis and suggest a worsening pathology. However, certain stressors such as exercise and caloric restriction (CR) have been found to have beneficial health effects including decreased risk for developing neurodegenerative diseases, improving cognition, and extending lifespan (Stranahan and Mattson, 2008; van Praag, 2009; Rothman and Mattson, 2010; Lautenschlager et al., 2012) . Interestingly, both exercise and CR are also known to activate the HPA axis (Droste et al., 2009; Kenny et al., 2014) .
In the case of AD, human studies indicate that exercise intervention may lower the risk of developing the disease (Lautenschlager et al., 2008; Scarmeas et al., 2009; Nation et al., 2011) . Exercise has been shown to improve behavioral parameters such as learning and memory, and diminish neuropathological markers in several animal models of AD (Adlard et al., 2005; Parachikova et al., 2008; Yuede et al., 2009) . Regarding the effect of exercise on p-tau levels, several studies report that exercise can attenuate tau hyperphosphorylation in rodent models. Long-term treadmill exercise has been seen to dramatically reduce p-tau levels in several transgenic mouse models of AD, and this outcome is accompanied by other beneficial effects such as increases in the antioxidant response, improved cognitive function, and decreased Aβ deposition (Leem et al., 2009; Liu et al., 2013; Ohia-Nwoko et al., 2014; Kang and Cho, 2015) . These data indicate that exercise provides a neuroprotective effect against AD pathology, even in genetically predisposed animals.
Beneficial effects of CR include increased neurogenesis, improved cognitive function, decreased anxiety, and extended lifespan (Weindruch et al., 1986; Stewart et al., 1989; Lee et al., 2002; Levay et al., 2007; Kuhla et al., 2013) . In addition, CR has been shown to reduce neuronal loss and attenuate the accumulation of Aβ plaques in animal models of AD (Patel et al., 2005; Qin et al., 2006; Mouton et al., 2009) , as well as decreasing tau phosphorylation in vitro (Bele et al., 2015) . However, in terms of abnormal p-tau accumulation induced by stress, conflicting results have been found. A mouse model of tauopathy subjected to long-term CR was shown to have decreased p-tau accumulation (Rühlmann et al., 2016) , and similar effects were observed in a transgenic model of AD that also underwent long-term CR (Halagappa et al., 2007) . In a mouse model of tauopathy exposed to shorter and gradually increasing periods of CR, in contrast, no observable differences in p-tau levels were found (Brownlow et al., 2014) . In yet another study, mice comprising another tauopathy model were first fed a highcalorie diet for two months and then placed on CR. These mice showed that restricted calorie intake actually aggravated tau pathology by increasing the levels of several p-tau variants (Gratuze et al., 2017) . Interestingly, when the high-calorie fed animals were subjected to exercise rather than CR, p-tau accumulation was significantly reduced, thus highlighting the differential effects that two stressors can exert, as well as the importance of type and timing of stress.
Mechanisms of stress-induced neuronal damage by tau
The experimental findings described above strongly support the notion that stress-induced HPA axis dysfunction, or at least consistent and excessive HPA axis activation, can cause abnormal tau processing and lead to the type of neuropathology seen in AD. However, the specific cellular and molecular mechanisms that underlie the tau alterations in response to stress are only beginning to emerge.
Abnormal tau degradation: role of protein degradation pathways
An important feature in the regulation of p-tau by stress that was observed in many of the studies reviewed here is the transient nature of tau hyperphosphorylation and accumulation. This suggests that these responses may be a normal component of stress processing and that mechanisms exist to protect neuronal cells from stress-induced injury. Specifically, abnormal p-tau needs to be properly processed and degraded before it becomes neurotoxic. The proteostasis network (PN) constitutes a highly complex quality control system that ensures proper protein expression and function. The PN is composed of a multitude of signaling mechanisms and cellular machinery components that regulate protein transcription, modification, sorting, trafficking, and localization (Balch et al., 2008; Díaz-Villanueva et al., 2015) . In the normal brain, chaperone proteins are a crucial defense against abnormally folded and potentially neurotoxic proteins. Chaperones assist in proper protein folding and are capable of correcting abnormal protein conformations (Kim et al., 2013) . Proteolysis is a critical component of the PN, and it includes two main degradative pathways in charge of clearing misfolded and aggregated proteins: the ubiquitin-proteasome system (UPS) and the autophagy-lysosomal pathway (ALP). The UPS targets soluble, short-lived proteins for degradation by the proteasome, a multicatalytic protein complex that uses ubiquitin as a signal. The ALP is a bulk degradative pathway that involves the formation of an autophagosome which engulfs cellular components and fuses with the lysosome for destruction and nutrient recycling (Tanaka and Matsuda, 2014; Lim and Yue, 2015) . The activity of the PN is known to decrease with age, and accumulating evidence indicates that PN impairment occurs in neurodegenerative diseases, allowing abnormal protein aggregation to occur and leading to irreversible neuronal damage and ultimately neuronal death (Hipp et al., 2014) . However, very few studies have addressed the influence of stress on the PN and subsequent contributions to neurodegeneration. Chronic stress has been shown to alter the levels of molecular chaperones in a transgenic mouse model of tauopathy (Sotiropoulos et al., 2015) . A study using non-transgenic rats demonstrated increased expression of LC3 (an autophagy marker) in response to chronic unpredictable mild stress, while another study using wildtype rats subjected to acute restraint stress also showed increased autophagic activity (Hou et al., 2015; Jevtić et al., 2016) . While exercise has been shown to induce autophagy in the mouse and rat brain (He et al., 2012; Marques-Aleixo et al., 2015) , tauopathy mouse models subjected to treadmill exercise have shown conflicting results. Two studies using a transgenic mouse model expressing human tau demonstrated no changes in levels of autophagic markers (Kang and Cho, 2015; Gratuze et al., 2017) , while another study using a different tauopathy model subjected to long-term treadmill exercise showed increased autophagic activity (Ohia-Nwoko et al., 2014) . In all of these studies, exercise was employed as an intervention strategy against tau pathogenesis, and although positive effects were observed on behavioral parameters such as locomotion and cognitive performance, it appears that the influence of stress on the PN varies and its effects on tau-dependent pathology rely on several factors such as timing, animal model, and the stressor itself.
Tau hyperphosphorylation by stress: role of kinases
As noted, phosphorylation is a key feature of tau, since it is both critical for proper function and is the key factor in the expression of the pathological properties of tau. In agreement with its importance in regulating tau function, more than 80 tau phosphorylation sites have been identified (Mietelska-Porowska et al., 2014) . Kinases capable of phosphorylating tau include glycogen synthase kinase 3β (GSK3β), cyclin-dependent kinase 5 (cdk5), c-Jun amino terminal kinase (JNK), calmodulin-dependent kinase II (CaMKII), adenosine-monophosphate activated protein kinase (AMPK), cyclic AMP-dependent protein kinase (PKA), and several others. Accordingly, several phosphatases also participate in the proper maintenance of the tau phosphorylation/dephosphorylation balance. These include protein phosphatases 2A and 2B (PP2A and PP2B) and protein phosphatases 1 and 5 (PP1 and PP5), among others (Stoothoff and Johnson, 2005; Wang et al., 2007; Dolan and Johnson, 2010) . In a study exploring cold water stress-induced tau phosphorylation, GSK3β, cdk5, and JNK were found to be potential candidates for the observed increase in p-tau levels (Okawa et al., 2003) . Decreased GSK3β activity, but not other kinases such as cdk5, accompanied by selective decreases in specific p-tau epitopes has also been observed following chronic GC exposure in an AD model, suggesting specificity in the GC-modulated tau kinase activity (Joshi et al., 2012) . GSK3β, cdk5, JNK, and ERK were also identified as important factors contributing to stress-induced tau hyperphosphorylation in CRFR knock-out animals, whereas JNK was found to be important in tau pathology in CRF-overexpressing mice (Rissman et al., 2007; Campbell et al., 2015) . A study employing chronic unpredictable mild stress, however, identified cdk5 as the main contributor to tau hyperphosphorylation, while exercise was found to differentially affect both the GSK3β and cdk5 pathways, suggesting that different stressors may Fig. 2 . Tau pathogenesis induced by stress is mediated through HPA axis dysfunction. The proposed model shows that stress activates the HPA axis and triggers GC release. GC-mediated signaling then impacts tau proteostasis, causing misfolding, truncation, hyperphosphorylation, and abnormal accumulation and aggregation. This in turn causes neuronal damage, ultimately leading to neurodegeneration. Interventions such as exercise and caloric restriction can ameliorate tau pathogenesis, whereas other factors such as further stress, mutations, and age can worsen the pathology. elicit specific kinase responses (Cuadrado-Tejedor et al., 2011; Liu et al., 2013) .
Tau missorting and cytoskeletal alterations
Tau is predominantly localized to neuronal axons, where it regulates cytoskeletal organization by interacting with microtubules and actin filaments, participates in axonal transport, and contributes to neurotrophic signaling (Gustke et al., 1994; Sharma et al., 2007; Majounie et al., 2013) . Missorting of tau into somatodendritic compartments is believed to be a key step in AD pathogenesis, since this is the predominant location of NFTs (Götz et al., 1995; Zempel and Mandelkow, 2014) . Furthermore, tau is also known to be mislocalized to synapses in AD, thus contributing to cognitive dysfunction (Zempel et al., 2010) . Chronic unpredictable stress is now known to play a role in tau phosphorylation and missorting, causing accumulation of tau in dendrites and synapses. Displacement of tau from its normal axonal location, coupled with hyperphosphorylation, could then lead to cytoskeletal instability and axonal damage; its missorting into other subcellular locations could contribute to AD pathogenesis Lopes et al., 2016; Vyas et al., 2016) .
Conclusion
Given the multifactorial nature of AD and the many physiological processes that can be affected by stress, a relationship between stress and an individual's vulnerability to development or progression of neurodegeneration has been difficult to establish. Stress appears to be a critical factor that influences tau-mediated pathogenesis in AD and possibly other tauopathies. The experimental evidence reviewed here indicates that the effects of stress on tau hyperphosphorylation and accumulation could be mediated by the activation of the HPA axis and subsequent GC action. However, the specific cellular and molecular mechanisms through which stress influences tau-mediated pathology remain poorly understood, and the specific links to GC action are yet to be described. Nevertheless, it is clear that stress is able to affect the brain and activate the HPA axis, with the subsequent GC release being able to impact a host of subcellular mechanisms that influence normal tau proteostasis, ultimately disrupting neuronal structure and function and leading to neuronal cell death, which is the ultimate outcome of neurodegeneration (Fig. 2) . This process can be further aggravated by mutations in key genes, and aging which is in itself an important risk factor for neurodegenerative diseases. In addition, the experience of other stressors can further aggravate the conditions leading to neurodegeneration, and the consequences of cumulative stress exposure are currently under investigation. Interestingly, intervention by means of exercise or caloric restriction can have a beneficial effect, ameliorating or slowing stress-induced pathology even though these stimuli are also classified as stressors. Future studies should focus on further deciphering the underlying mechanisms of stress-mediated protein aggregation, with particular emphasis on GC modes of action, stress exposure in the early life period when deleterious effects on development may be manifested, and the interactions of cumulative stress and aging.
